Feedstock sources and pyrolysis temperatures affect the physicochemical and morphological properties of biochars. We evaluated biochars derived from switchgrass (SGB) and poultry litter (PLB) pyrolyzed at 350 °C (SGB350, PLB350) and 700 °C (SGB700, PLB700) to identify their potential ability in improving soil health. Except for SGB350, the pH of biochars was high (> 10.0) and can be used as an amendment in acid soils. PLB700 had higher mineral content and nutrient availability due to its higher ash content (tenfold higher) and electrical conductivity. Surface functional groups responsible for metal retention were evidenced in all biochars. Cation exchange capacity (CEC), specific surface area (SSA), and microporosity more than doubled by increasing pyrolysis temperature from 350 to 700 °C. The pH-buffering capacity measured through acid titration curve was better than that calculated with acid/alkali additions. Biochars pyrolyzed at 700 °C have much higher pH, CEC, SSA, and stronger buffering capacity, and thus are more promising to improve soil health and reduce contaminant bioavailability.
Introduction
Pyrolyzed biochars are produced by thermal decomposition process (pyrolysis) in low or zero oxygen (O) environment using renewable feedstocks, such as crop residues or livestock manures (Dai et al. 2013) . Biochars are applied with the intent of sequestering carbon and improving soil quality Lehmann 2015; Spokas et al. 2012) . However, there are a few studies comparing morphological and physicochemical properties of biochars produced from different feedstock sources and at different slow pyrolysis temperatures as their effectiveness to be used as soil amendments.
Pyrolysis processes have a great impact on biochar properties (Brewer et al. 2011; Cantrell et al. 2012) . Slow pyrolysis has been shown to retain the highest biomass carbon content in the char (Qian et al. 2013) . The high organic C concentration associated with a porous structure, high pH, and high adsorption capacity makes biochar incorporation into soil a feasible and effective way to improve soil fertility and quality (Dai et al. 2013; Singh et al. 2010; Spokas 2010) . The enhanced organic carbon provided by biochar addition contributes to raise pH in acid soils and decrease heavy-metal availability by reducing metal solubility and bonding metals into more stable fractions (Xu et al. 2016; Zhang et al. 2017) . The increase of both pH and organic carbon also contributes to a higher cation exchange capacity (CEC), which results in a higher heavy-metal adsorption capacity (Bolan et al. 2014) , and thus improving soil quality (Qian et al. 2015) .
The effectiveness of biochars on the immobilization of heavy metals also varies depending on biochar feedstocks and pyrolysis temperature. Biochars produced at higher pyrolysis temperature enhances the immobilization of heavy metals (Uchimiya et al. 2011) . Switchgrass-derived biochar (SGB) pyrolyzed at high temperature (500-700 °C) significantly contributes to the increased soil organic carbon (SOC) and pH (Kelly et al. 2015) , and thus also favoring heavymetal immobilization. Differently, SGB pyrolyzed at lower temperature (350 °C) increases the micronutrients availability in calcareous soils by slightly decreasing its pH (Ippolito et al. 2016) . The application of poultry litter-derived biochar (PLB) strongly reduces the mobility of several metals in contaminated soil (Gondek and Mierzwa-Hersztek 2016) as well.
Nevertheless, the biochars' effect on the mobility of heavy metals in soils is not only a function of the pyrolysis temperature and the feedstock used, but also the physical and electrochemical properties associated with them. The most important physicochemical properties of biochars responsible for reducing the bioavailability of heavy metals in soils and improving soil quality are the surface functional groups, specific surface area (SSA), and porosity (Gondek and Mierzwa-Hersztek 2016) . Those properties, allied with alkalinity, pH-buffering capacity, CEC, and electrical conductivity (EC), severely differ among biochars due to the several processing conditions (Azargohar et al. 2014; Sun et al. 2018; Yuan et al. 2011) . However, literature is limited to elucidate biochar properties by specifically assessing elemental composition, functional groups, porosity, and SSA. Except for a few works (e.g., Sun et al. 2018; Qian et al. 2015) , there is still a lack of research focusing on the effects of different feedstocks and pyrolysis temperatures on other important properties of biochars (e.g., buffering capacity, CEC, and nutrients' availability). Therefore, it is necessary to completely assess biochars' physical, chemical, and morphological properties to elucidate their potential value as soil amendments.
We produced biochars using two feedstocks, switchgrass (SGB) and poultry litter (PLB), and two slow pyrolysis temperatures, 350 °C (SGB350 and PLB350) and 700 °C (SGB700 and PLB700), for this study. Our objectives were to investigate the impact of feedstock sources and pyrolysis temperatures on several biochar chemical-physical, structural, and morphological characteristics.
Materials and methods

Feedstocks used to produce Biochars
The biochars were converted from poultry litter and switchgrass (Panicum virgatum) (feedstocks) biomass. Switchgrass was harvested from an experimental field at Clemson University Pee Dee Research and Education Center, Darlington County, SC. The biomass was hammer milled to ~ 6 mm particle size. Prior to pyrolysis, moisture content of the milled switchgrass was measured to be 6.45 ± 0.21 wt%. Poultry litter was collected from the top 5.0-7.5 cm depth from ten locations belonging to a commercial poultry house (Orangeburg County, SC), then ground to 2 mm particle size (Wiley Mill equipped), and overnight oven dried at 105 °C. The moisture content was determined to be 6.49%.
Biochar production and analysis
Switchgrass and Poultry litter-derived biochar (SGB and PLB, respectively) were produced at 350 and 700 °C by slow pyrolysis. Before pyrolysis, 0.5-1.5 kg of prepared samples were loaded onto a stainless steel tray and placed into a Lindburg electric box furnace equipped with a gas tight retort (Model 51662; Lindburg/MPH, Riverside, MI), as described by Cantrell et al. (2012) and Antonangelo and Zhang (2019) . The feedstock materials were pyrolyzed as following: 1 h equilibration hold at 200 °C under an industrial-grade N 2 flow rate at 15 L min −1 ; the temperature was increased to the desired temperature within 1 h at 2.52 °C min −1 for 350 °C; and at 8.33 °C min −1 for 700 °C. The maximum temperature was held for 2 h under N 2 flow at 1 L min −1 . The samples were cooled down to 100 °C (4.25 °C min −1 ). The resulting biochars were allowed to cool to room temperature in an inert atmosphere N 2 (preparation of biochar was described by Cantrell et al. (2012) . The coarse materials of the produced biochar were ground with a mortar and pastel gently before sieved by 2, 1, 0.25, and 0.053 mm mesh screens for specific analyses. The biochars with size less than 1 mm were used for most analyses.
Moisture, ash content, and particle-size distribution
The moisture content of biochars was determined as Ahmedna et al. (1997) by oven drying previously weighed biochar samples overnight at 105 °C. Ash content was 
Elemental composition
Biochars (< 1 mm fraction) were analyzed similar to the manure/compost tests for total P, K, secondary nutrients, and micronutrients (Church et al. 2017) . Total nitrogen (TN) and total carbon (TC) were determined by a dry combustion carbon/nitrogen (C/N) analyzer.
Surface functional groups
Surface functional groups (phenolic-OH, COOH, C=O, etc.) of the biochars were analyzed using Fourier Transform Infrared Spectroscopy-FTIR (Nicolet FTIR 6700, Thermo Electron Corporation, Madison, WI, USA) with an attenuated total reflectance (ATR) accessory. A diamond crystal was used on the ATR accessory. The ATR-FTIR technique was chosen, because it shortens the analysis time and improves the quality of char spectra in comparison with the traditional infrared techniques. Biochars with four different sizes (< 2, < 1, < 0.25 and < 0.053 mm) were scanned 8 (standard procedure), 64 (Antonangelo and Zhang 2019; Chia et al. 2012; Ding et al. 2014; Uchimiya et al. 2010) , and 256 (Azargohar et al. 2014; Qian et al. 2013 ) times at 4 cm −1 resolution from 4000 to 650 cm −1 . The average of 64 scans was settled as the best experimental procedure. All samples without pretreatments were scanned in absorbance mode. The collected spectra were subjected to baseline correction manually (after auto-correcting peaks at 'order 6') followed by maximum smoothing (25). Air background was collected before each sample run to avoid any possible strong peak of carbon dioxide-CO 2 arising between 2300 and 2400 cm −1 . The spectra of the finer fraction (< 0.053 mm) were chosen to represent the peaks of functional groups for all biochars because of their higher homogeneity. The FTIR spectrum peaks were identified by comparing the peak position with already known peaks found in the literature.
Chemical attributes and specific surface area (SSA)
Biochar NO 3 -N and NH 4 -N were extracted with 1 M KCl solution and quantified by a Flow Injection Autoanalyzer (LaChat QuickChem 8000). Plant available P, K, Ca, and Mg were extracted using Mehlich 3 solution (Mehlich 1984) .
Phosphorus, K, Ca, and Mg in the extracts were quantified by an inductively coupled plasma optic emission spectroscopy (ICP-OES). Biochar sulfate was extracted by 0.008 M Ca 3 (PO 4 ) 2 and analyzed by a Spectro ICP-OES. Available Zn, Fe, Mn, and B were extracted by DTPA-Sorbitol and quantified by ICP-OES. The pH of each biochar was determined in DI water at a 1:5 (w w −1 ) ratio (Yuan et al. 2011) . Samples were mixed with DI water in 50 mL centrifuge tubes and shaken at 220 rpm for 1 h, and then, pH measured using an Orion Star A221 pH electrode (Thermo Scientific). For the EC, a ratio of 1:20 (biochar:deionized water) was used and determined after 90 min shaking with an electrical conductance cell (Rajkovich et al. 2011 ).
As per Antonangelo and Zhang (2019) , the coarse fraction of biochars was used to determine their SSA on a Quantachrome Autosorb1 by N 2 sorptometry. Biochar samples were degassed under vacuum (200 °C for 12 h) prior to nitrogen adsorption at liquid nitrogen temperature (− 196 °C). The SSA of each biochar was calculated using multi-point adsorption data from the 0.01-0.3 P/Po linear segment of the N 2 adsorption isotherms made at 77.35 K according to the Brunauer, Emmet, and Teller theory (BET) (Brunauer et al. 1938 ).
Cation exchange capacity (CEC)
Cation exchange capacity of biochars was determined based on the American Standard Test Method (ASTM-D7503-10 2010). Briefly, 3.0 g of ground biochar sample was weighed into 50 ml centrifuge tube with a screw cap. Twelve milliliters of 1.0 M ammonium acetate solution (NH 4 OAc) was added to the tube before shaken for 5 min on an orbital shaker at 220 rpm. Then, the tube was static for 24 h before shaken for another 15 min. The suspension in the tube was filtered with Whatman No. 2 filter paper by suction. During filtration, 20 ml of 1.0 M NH 4 OAc was used to wash the biochar each time for four times. The NH 4 OAc washed biochar was then washed with 20 ml of isopropanol each time for three times to remove excess NH 4 OAc. The isopropanol washed biochar was then washed using 20 ml of 1.0 M KCl solution each time for four times. The biochar was not allowed to dry between additions of the same solution. The KCl extracts were transferred into 100 ml volumetric flask, which was then filled, to the volume of 100 mL with DI water. The KCl extracts were analyzed for nitrogen (NH 4 -N) concentration (mg L −1 ) using LaChat Flow Injection Autoanalyzer. CEC was calculated based on formula: CEC = N × 1(cmol)/140 (mg) × 0.10 (L)/3.0 (g) × 1000 (g kg −1 ), where N is the concentration of nitrogen (NH 4 + , in mg L −1 ). Total soluble and bound cations were also measured according to ASTM-D7503-10 (2010).
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pH-buffering capacity and acid titration curve
The pH-buffering capacity of biochars was determined according to Xu et al. (2012) . In the process, 1.0 g of biochar sample was weighed into each of eight 50 mL centrifuge tube and appropriate amount of water was added, such that a final volume after addition of acid or alkali was 20 mL. Additions of 0, 0.1 0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 mL of 0.04 M HCl or NaOH were used based on the initial pH of SG biochars used in this study. Chloroform (about 0.25 mL) was added to each tube after addition of acid or base to inhibit activity of microorganisms. Addition of 1.0 mL of 0.05 M CaCl 2 was made to each tube to minimize variations in ionic strength. The mixture was shaken at 220 rpm on an orbital shaker at 25 °C for 24 h and then left to equilibrate statically for an additional 6 days at 25 °C. The mixture was shaken for 2 min each day to re-suspend the biochar. After equilibration, the pH of the mixture was measured by an Orion Star A221 pH meter (Thermo Scientific).
Acid-base titration was based on Yuan et al. (2011) in order to evaluate the proton neutralization capacity of each biochar. Half a gram (0.5 g) of biochar samples was placed in 125 mL serum bottles. Then, 20 mL of DI water (1:40 biochar to solution ratio) was added to each bottle, and each of the bottles was stirred on a magnetic stirrer for 2 h at 25 °C. The samples were then titrated with 0.1 M HCl at 25 °C to the end point at pH 2.0 using an automatic titrator (TIM840 Titration Manager, Hach Company, Loveland, CO, USA) with continuous stirring. The titration rate was kept at 0.5 mL min −1 with data collected every 6 s.
Scanning electron microscopy (SEM)
The structure and surface morphology of the coarse fraction (> 2 mm) were examined by a field-Emission Environmental Scanning Electron Microscope (SEM). To obtain a clear image, the biochar particles were coated with gold. Images were viewed at the accelerating voltage of 15 kV.
Statistical analyses
The chemical attributes of biochars were subjected to ANOVA and the treatments average (triplicates, n = 3) compared by Tukey test. Simple correlation (Pearson) for specific variables and linear and nonlinear regression of the results obtained from pH-buffering capacity measurements were performed. Bending points were determined by fitting the segmented nonlinear-plateau response model using the NLIN (nonlinear) procedure of SAS version 9.4. Figures were made by Microsoft Excel.
Results and discussion
The pH and elemental composition of Biochars
Pyrolysis temperature and feedstock types are critical factors affecting the biochar properties. Table 2 shows the pH and elemental composition of the biochars SGB and PLB produced with slow pyrolysis at 350 and 700 °C. Except for SGB350, all other biochars had high pH values. The Table 2 pH, total nutrient contents, total carbon (TC), and total nitrogen (TN) of switchgrass and poultry litterderived biochars pyrolyzed at 350 and 700 °C. Table was adapted from Antonangelo and Zhang (2019) Results are significant at p < 0.01 (n = 3) from Tukey test ¥ < DL Detection limit, values after ± are the standard deviation (n = 3) § Least significant difference, means followed by the same letter, in the row, are not significantly different SGB350 and PLB350 presented the lower pH than that of SGB700 and PLB700. Although the pH of PLB700 was very similar to that found by Cantrell et al. (2012) for the same biochar, the pH of PLB350 was different by one unit, probably because the authors determined the biochar pH with different methods. The lowest pH of 5.21 found for SGB350 agrees with the findings of Ippolito et al. (2016) , who also stated that the pH of an alkaline soil decreased after incubation with switchgrass-derived biochar pyrolyzed at 350 °C. Pearson correlations were performed and the results clearly showed high correlation coefficients (r = 0.97-0.99, p < 0.01) of ash contents (Table 1) with the contents of total P, Ca, K, Mg, Na, S, Fe, Zn, Cu, and Mn presented in Table 2 .
Since the ash contents of PLBs are higher than SGBs, all elements analyzed in PLB350 and PLB700 were higher than those of SGB350 and SGB700. Among all four types of biochars, PLB700 had the highest ash and elemental contents. According to El-Naggar et al. (2019), biochar could be a valuable source of nutrients to plants, although their contents are highly dependent on feedstock and pyrolysis process.
The same authors stated that N and P contents are generally higher in manure-derived biochars than chars produced from grasses, which is clearly observed in our experiment, when comparing PLB and SGB, regardless of the pyrolysis temperature ( Table 2) . The difference in total C between SGB350 and PLB 350 (42.6%, 31.4%-38.4% = 4.2%) is not much different from the difference between SGB700 and PLB700 (31.4%-27.75% = 3.65%). Consequently, considering the high difference in ash content between SGB and PLB, there is no clear correlation between total C and ash content except a consistent decrease with pyrolysis temperature. As expected from the feedstock materials, PLBs also showed lower C/N ratios in comparison to SGBs (9.3 and 17.3, respectively, for PLB350 and PLB700, whereas 50.1 and 42.4 were observed, respectively, for SGB350 and SGB700). On the other hand, grass-derived biochar exhibits a high C/N, ratio resulting in N immobilization (El-Naggar et al. 2019; Hangs et al. 2015; Nguyen et al. 2017 ).
The functional groups found on Biochars
The FTIR analysis of fine SGB and PLB biochar samples (< 0.053 mm) provided better spectra with more pronounced peaks and less noise spectrum than the spectra of coarser sizes (Fig. 1) . The same peaks were also found in other biochar particle sizes (coarser), but these were not as distinct as those from the finest fraction were. The aromatic C=C vibrations and C=O stretching were visible at 1554.37 cm −1 band of SGB700. Peaks around 1560 cm −1 are related to the C=O stretching of carboxyl anions (Antonangelo and Zhang 2019; Zhang and Luo 2014) , or aromatic C=C bending, especially for switchgrass-derived biochars (Qian et al. 2013; Cantrell et al. 2012; Keiluweit et al. 2010) . The peaks in the range of 873.71-814.69 cm −1 for all biochars represent the out-of-plane deformation produced by aromatic C-H atoms (Behazin et al. 2015; Tatzber et al. 2007; Uchimiya et al. 2011 ). According to Uchimiya et al. (2011) , the peak at 796.47 cm −1 in the SGB700 is also assigned to C-H bending of aromatic out-of-plane deformation and for biochars pyrolyzed at high temperatures. Such peak is certainly much more pronounced than the peak at 782.01 cm −1 for SGB350 ( Fig. 1 ).
An intense broadband at 1030.30 cm −1 found for PLB700 is probably a result of phosphate-containing functional groups (P-O bonds), most likely phosphines and phosphine oxides (Antonangelo and Zhang 2019) . Such functional groups were also reported by Woldetsadik et al. (2016) at 1038 cm −1 band, when studying poultry litter-derived biochars. As observed in our study, high P contents are found for fecal-and manure-derived biochars ( Table 2 ). In contrast, the pronounced peak found at 1073.21 cm −1 for SGB700 is better related to C-O-C stretching (alcohols, phenols, and ethers) and silicon oxide than phosphates' functional group (Qian et al. 2013; Cantrell et al. 2012; Keiluweit et al. 2010) , also because the total phosphorus is about 24 times lower than that found in PLB700 (Table 2) .
Peaks at ~ 1470 cm −1 possibly indicate deformation vibration from alkanes (Strezov et al. 2012 ). According to Azargohar et al. (2014) , the intensity of such peaks in biochars decreased by increasing the pyrolysis temperature due to the improvement of aromatic structure, as observed for the 1434.80 (SGB350) to 1414.07 cm −1 (SGB700), and 1432.87 (PLB350) to 1469.51 cm −1 (PLB700) bands (Fig. 1) .
Pronounced peaks at 3419, 1614, 1103, and 795 cm −1 are assigned to the hydroxyl (-OH) stretching, -COO − antisymmetric stretching, bands of the out-of-plane bending for carbonates (-CO 3 2− ) and to carboxylate (-COO − ) deviational vibration and symmetric stretching . Therefore, our peaks found at ~ 3600, ~ 1600 (1565.46-1554.37 cm −1 for SGB700 and 1553.89 cm −1 for PLB700), 1000-1100 and ~ 680 to 860 cm −1 for both SGB700 and PLB700; and very similar peaks were found at 3392.71, 1599.21, 1104.06, and 182.01 cm −1 for SGB350 and 3422.60, 1615.60, 1104.55, and 779.60 cm −1 for PLB350 can be attributed to the same functional groups (Fig. 1 ). According to Chia et al. (2012) , the reduced peak at 3644.38 cm −1 (~ 3640 cm −1 ) of SGB700 could be assigned to organic O-H stretching. Such reduced OH peak and the increased C=C peak around 1600 cm −1 (1565.46-1554.37 cm −1 ) are attributed to the depolymerization and dehydration of materials due to pyrolysis, then resulting in the formation of C=C double bonds, carbonyl, and carboxylic functional groups (Lange 2007) .
There is a possibility of the 2052.89 cm −1 (SGB700) and 2059.64 cm −1 (PLB700) peaks attributed to an organic azide group (-N=N=N) or a ketene group (>C=C=O) (Antonangelo and Zhang 2019) . The azide group functional group would be supported by the > 1.0% of nitrogen found for PLB700 (Table 2) ; however, the poor stability of azides at the high temperature used for pyrolysis (i.e. 700 °C) suggests that a ketene group is a more likely candidate for this peak (Chia et al. 2012) .
In summary, the peaks found in the range of 3118.38-3853.62 cm −1 are probably associated with hydroxyl groups (Park et al. 2011) . Those found at 1554.37 (SGB700) and 1553.89 cm −1 (PLB700) correspond to the stretching vibrations of conjugated C=O bonds in aromatic rings (Cao and Harris 2010) . Moreover, bands at 796.47 cm −1 and 873.13 cm −1 , respectively, in the SGB700 and PLB700, are due to the contribution from C-H-bond vibration in aromatic compounds (Antonangelo and Zhang 2019; Park et al. 2011; Moreno-Castilla et al. 2000) . The presence of the above-mentioned surface functional groups plays an important role in the adsorption of heavy metals such as Pb, Cd, and Zn (Park et al. 2011) . FTIR analyses suggest that the differences in the composition of surface functional groups are also attributed to the type of feedstocks, which could further influence the metal retention capacity of biochars. However, in the case of our study, the surface functional groups of all biochars are promising to immobilize heavy metals. Therefore, physicochemical and morphological analyses are necessary to decide which biochars can provide a better potential as a soil amendment.
Physicochemical properties of Biochars
The major physicochemical properties of the biochars are summarized in Table 3 . As observed for the elemental composition, the available nutrient contents were generally higher for PLB700 in comparison with other biochars, which is reflected in its high EC value as well (Table 3) . Pearson correlation also showed high correlation coefficients between available nutrients and ash contents (r = 0.97-0.99, p < 0.01), except for Fe and Cu (p > 0.05), and the EC Absorbance Wavenumbers (cm -1 ) , d) , respectively, and sieved by 2, 1, 0.25, and 0.053 mm. Figure was adapted from Antonangelo and Zhang (2019) was also highly correlated with the ash content (r = 0.99, p < 0.01). Despite the fact that the ash contents of PLBs were very similar to those found by Cantrell et al. (2012) , using a similar method, the EC values were different, much higher for PLB700 in the case of our experiment, probably because of different methods used for EC measurements when comparing both works. Cantrell et al. (2012) used a ratio of 1% (w v −1 ) and stirred samples for 2 h, which could have led to different results. Rajkovich et al. (2011) , using the same method as ours, found an increase in the EC of PLBs pyrolyzed from 300 to 600 °C and presented values closer to ours and even higher than Cantrell et al. (2012) . Typically, EC values of PLBs exhibit a continual increase from low to high pyrolysis temperatures due to the loss of volatile components, resulting in higher concentration of elements in the ash fraction. Moreover, Cantrell et al. (2012) and Rajkovich et al. (2011) used < 2 mm particle size, whereas we used < 1 mm, which could contribute to the difference in EC. Similar to other studies (Kim et al. 2012; Zama et al. 2017) , and SSA of biochars from both feedstocks increased as the pyrolysis temperatures increased (Table 3 ). The same trend was observed by Cantrell et al. (2012) in the case of PLBs, although their SSA was higher than ours, because different sizes were used in those two studies.
The high pH of all biochars except for SGB350 (Table 2 ) was probably due to the release of alkali cations. Bound cations include precipitated ions, such as oxides and carbonates. According to Sun et al. (2018) , the CEC is an inherent characteristic of biochar, determining its ability to retain nutrients and provide buffering against acidification. CEC values of SGB350 and PLB350 were similar to biochars derived from canola straw, corn straw, soybean straw, and peanut straw (Yuan et al. 2011) , as well as biochars derived from switchgrass, forage sorghum, and red cedar (Sun et al. 2018 ). However, the CEC of SGB350 and PLB350 were 1.98 and 1.60 times lower than SGB700 and PLB700, respectively. Biochars pyrolyzed at 700 °C exhibited higher pH, SSA, CEC (inside the ranges found for humus: 200-500 cmol kg −1 ), and total soluble and bound cations higher than those pyrolyzed 350 °C, indicating the higher potential of using SGB700 and PLB700 for heavy-metal immobilization and soil health enhancement (Qian et al. 2015) . CEC and SSA of biochars were significantly correlated as well (r = 0.98, p < 0.01). Overall, as observed by this study, the investigated physicochemical properties of biochars (pH, EC, SSA, ash content, and elemental composition) are significantly correlated among them (p < 0.05) (Li et al. 2019) . 1 3
Biochars pH-buffering capacities
Buffering curves for the biochars obtained according to Xu et al. (2012) and Aitken and Moody (1994) are presented in Fig. 2 . The amount of acid and alkali added was linearly related to biochar pHs. For SGBs, the linear models were fitted in the pH ranges of 4.0-8.0 (SGB350) and 2.5-9.5 (SGB700) (Fig. 2) . In the case of PLB350 and PLB700, the linear models were in the narrower pH ranges of 6.5-8.0 and 10.0-10.5, respectively. Since there were narrow pH ranges obtained from PLBs, the automatic titration with acid addition, until PLBs reach a pH 2.0, was further performed to better determine the pH-buffering capacity of PLBs (Fig. 3 ).
All correlation coefficients (R 2 ) between pH and acid or alkali added were higher than 0.93 with p < 0.001 (Fig. 2) . Therefore, the pH-buffering capacity of the biochars was calculated from the slope of regression lines after inverting axis, as pH change per mmol of acid/alkali added for each kilogram of biochar. There were large differences in pH-buffering capacity among biochars from different feedstock and pyrolysis temperatures (95 ± 9.5 and 45 ± 1.3 mmol kg −1 pH −1 for 0.04 M of HCl or NaOH added, respectively, for SGB350 and SGB700; and 297 ± 21.8 and 433 ± 27.8 mmol kg −1 pH −1 for 0.04 M of HCl or NaOH added, respectively, for PLB350 and PLB700). This suggests that biochar properties greatly affected pH-buffering capacity.
As stated by Sun et al. (2018) , the acid titration curves represent Acid Neutralizing Capacity (ANC) or alkalinity of each biochar. The initial pH values of SGB350, SGB700, PLB350, and PLB700 in water matrix before titration were 5.7, 10.0, 8.0, and 10.7, respectively. To reach a pH of 2.0, PLB700 required the highest volume of 0.1 M HCl (25.5 mL) followed by PLB350 (14.3 mL), SGB700 (3.3 mL), and SGB350 (2.9 mL) ( Fig. 3) . In this sense, biochars from the same feedstock but processed at higher pyrolysis temperatures not only ameliorate soil acidity, but also increase soil pH-buffering capacity if applied to an acidic soil.
Despite Sun et al. (2018) used biochars produced from gasification process, their volumes of 0.1 M HCl necessary to reach pH 2.0 of switchgrass and poultry litter-derived biochars were very similar to SGB700 and PLB700. The pH of PLB700 in water matrix decreased from 10.7 to 2.0 slower than other biochars did throughout the titration (Fig. 3) , indicating PLB700 possessed higher alkalinity. During acid titration, the pH increased from 5.2 to 5.4 and from 3.6 to 4.1 in PLB350 and PLB700, respectively, indicating a strong ANC within these ranges. SGB350 had the lowest ANC, because its pH decreased faster than other biochars. Very similar results were observed by Sun et al. (2018) when comparing PLB with biochars produced from other feedstocks. Considering the wide range of 0.1 M HCl (2.9-25.5 mL) necessary to reach pH 2.0, the automatic titration technique can be used to determine pH-buffering capacity of biochars pyrolyzed at different temperatures.
Nonlinear regression analyses were also performed for the data set obtained from the automatic acid titration and the results are presented in Fig. 4 . The regression models were best fitted with logarithmic functions (p < 0.001), so did the equation coefficients (p < 0.0001) (Table S1, Supplementary material). Moreover, bending points estimating the H + capacity were also highly significant through nonlinearplateau response models (p < 0.0001) (Fig. 4) . They ranged from the lowest of 47.8 ± 0.6 mmol kg −1 H + for SGB700 to the highest of 891.8 ± 12.7 mmol kg −1 H + for PLB700. Although pH-buffering capacities were different from the acid/alkali addition approach, the trend was similar between the two methods with PLBs and feedstocks pyrolyzed at 700 °C exhibiting a higher buffer response to H + addition.
The morphology of biochars
The surface morphology of the biochars was examined by SEM ( Fig. 5) . For SGB350 and SGB700, part of the biomass fibrous structure was maintained and it was clearly porous in all of the SEM images ( Fig. 5a, b) . Because of the pyrolysis temperature, the SGB700 probably possessed more micropores than SGB350 (Fig. 5a, b) , reflected by their SSA difference (Table 3) , and the similar morphological and SSA differences were also observed when comparing PLB350 and PLB700 (Fig. 5c, d) . While SGB350 presented an SSA of 1.0 m 2 g −1 , the SGB700 was 22.9 m 2 g −1 (Table 3) ; whereas the SSA was 1.9 and 9.3 m 2 g −1 for PLB350 and PLB700, respectively. Therefore, the observed higher microporosity of PLB350 than SGB350 (Fig. 5a , c) resulted in differences in their SSA, as well.
The appreciable surface porosity seen in biochars derived from switchgrass showed more pores with regular geometrical morphology than PLBs. The less pores obtained with biochars from low pyrolysis temperatures (350 °C) are related to their low SSA as high SSA is indicative of high porosity. On the other hand, the higher porosity observed for biochars pyrolyzed at 700 °C is also associated with their higher CEC since SSA and CEC are highly correlated (r = 0.98, p < 0.01). Moreover, the findings of Song et al. (2014) showed that high heating temperature during biochars processing will likely increase the pyrogenic nanopores in biochar resulting in higher microporosity. The increased microporosity and CEC enhance the ability of biochars to hold water, which could result in a higher soil moisture content if biochars are applied. The capacity of retaining more water also prevents heavy metals to be lost by leaching, thus favoring the protection against groundwater contamination. These morphological features once more suggest biochars pyrolyzed at higher temperatures (such as 700 °C) to be more promising as soil amendments.
Conclusions
The feedstock types and pyrolysis temperature affected the physical, chemical, and morphological properties of biochars. The elemental compositions of PLBs were much higher than those of SGBs, attributed to the higher ash contents of PLBs. Although functional groups changed slightly from low to high pyrolysis temperature, those responsible for heavy-metal adsorption were present in all biochars. The acid titration curve obtained from an automatic titration method proved more effective -in determining pH-buffering capacity than simply adding acid and base approach. The buffering capacities decreased in the following order: PLB 700 > PLB350 > SGB700 > SGB350. The porous structures were more pronounced for SGB700 and PLB700, resulting in their higher CEC and SSA, at least twice as much as those of biochars pyrolyzed at 350 °C. In addition to their potential liming effect, SGB700 and PLB700 possess a greater potential to improve soil health and reduce heavy-metal toxicity. 
